In the isolated goldfish retina, 700 nm background illumination increases the horizontal cell 
INTRODUCTION
Goldfish retina contains four types of cones: ultra short-, short-, middle-and long wavelength sensitive ones (US-, S-, M-and L-cones), and three types of cone driven horizontal cells (HCs) (Norton et al., 1968) . Monophasic HCs (MHCs) hyperpolarize to light of all wavelengths; biphasic HCs (BHCs) hyperpolarize to short-, and depolarize to long wavelengths, and triphasic HCs (THCs) hyperpolarize to short-and long-, and depolarize to middle wavelengths. The input of the MHCs, BHCs and the THCs is dominated by the L-, M-and S-cones, respectively (Norton et al., 1968; Kamermans et al., 1991) . HCs feed back negatively to the cones (Baylor et al., 1971; O'Bryan, 1973) , and these negative feedback pathways form the basis of the spectral coding of the various HC-types. Althoagh there is evidence for a rather unspecific feedforward and feedback connectivity between cones and HCs (Kamermans et al., 1991) , the most important pathways for ti~e spectral coding of the HCs are the feedback connections between MHCs and M-cones, and between the BHCs and the S-cones . For example, long wavelength stimuli will hyperpolarize the L-cones but not the Mcones. Consequently, the MHCs hyperpolarize and feed back negatively to the M-cones, causing the BHCs to depolarize. Similarly, tor middle wavelength stimuli, BHCs, via feedback to the S-cones, yield depolarizing responses in the THCs. For a review about the influence of the other feedforward and feedback pathways, see Kamermans and Spekreijse (1995) . HCs of the same spectral type are strongly electrically coupled (Naka & Rushton, 1967; Kaneko, 1971) . This coupling underlies the large HC receptive fields (Norton et al., 1968) . Although the effect of feedback on the spectral properties of HCs has been studied extensively, the effect of feedback on the spatial properties of HCs has received little attention. In this paper we will study the effect of feedback on the HC receptive field size.
A simple model of horizontal cell receptive fields
If we consider a HC layer as a sheet of conducting material, the spread of potentials depends only on the coupling-resistance (Rc) and on the leak-resistance (Rm) of the HC layer, and with slit stimuli, the spread of potentials in the unilluminated part of the HC-layer is an exponential function, with a length constant A = x/(Rm/Rc) (with Rm in flcm 2, and Rc in Q) (Lamb, 1976; Lamb & Simon, 1976; Detwiler et al., 1980) . Although an exponential function describes the receptive field profile of HCs reasonably well (Lamb, 1976; Naka & Rushton, 1967) , a more detailed analysis shows that this description is not always accurate (Yagi, 1986 (Yagi, , 1989 Yagi & Kaneko, 1987; Marmarelis & Naka, 1972; Lankheet et al., 1990 .
Modulation of HC receptive fields
HC receptive fields can be modulated in several ways. Probably the most widely documented is the reduction of HC receptive fields by dopamine Negishi et al., 1983; Teranishi et al., 1984; Lasater & Dowling, 1985; Mangel & Dowling, 1985; Knapp & DoMing, 1987; DeVries & Schwartz, 1989; McMahon, 1994) . HC receptive fields can also change independently of dopamine. Even when the dopaminergic cells in the 3913 goldfish-or white perch retina are killed by 6-hydroxydopamine, background illumination still reduces HC receptive fields (Baldridge & Ball, 1991; Umino et al., 1991) . This result is particularly interesting because, according to the above equation, one would expect HC receptive fields to increase with background illumination, as background illumination supposedly increases the leak resistance Rm of the HC-layer, and thus the length constant (2) of the HC network.
The HC receptive field size depends strongly on stimulus intensity and wavelength (Lamb, 1976; Kamermans et al., 1989a; Lankheet et al., 1990) . Receptive fields are smaller for dim stimuli than for intense stimuli (Lamb, 1976) . Furthermore, this increase in receptive field size with intensity is wavelength dependent. With dim stimuli, receptive fields for red and green stimuli are equal, whereas with intense stimuli receptive fields for red stimuli are larger (Kamermans et al., 1989a) . The development of these effects is very fast, and is, therefore, probably due to changes in the HC input rather than to modulation of the cellular properties of the HCs by, for instance, dopamine.
Effect of feedback on HC receptive fields
In Lamb's analysis, it was assumed that HCs receive input only from cones, and that they do not feed back to cones (1976) . However, HCs do feed back to cones via a negative feedback pathway (Baylor et al., 1971; Piccolino, 1995; Verweij et al., 1996) . It seems likely that this feedback will influence the HC receptive field size, because light stimuli will, due to the strong electric coupling of HCs, hyperpolarize the HC layer over an area larger than the light stimulus. Consequently, feedback from the HCs will increase the transmitter release of cones and the glutamate-gated conductance in HCs over an area larger than the stimulus. This depolarizing input will antagonize the spread of stimulus-evoked hyperpolarization in the HC network, and thus reduce the HC receptive field (Kamermans et al., 1989a (Kamermans et al., , b, 1996 Ohshima et al., 1995) .
Feedback seems to be more pronounced with short wavelength stimuli than with long wavelength stimuli. This may be because all cone driven HC-types feed back to all cone types, and therefore, with long wavelength stimuli, the feedback signals from MHCs and BHCs will have opposite signs and thus counteract each other (Kamermans & Spekreijse, 1995) . Consequently, because feedback reduces the receptive field size, we would expect HC receptive fields to be smaller with short wavelength stimuli than with long wavelength stimuli. This has been confirmed experimentally (Kamermans et al., 1989a) . Following this reasoning, blocking feedback will result in an increase of HC receptive fields for short wavelength stimuli, and in a smaller increase or even a decrease of HC receptive fields for long wavelength stimuli.
Aim of this study
This study aims to determine whether feedback from HCs to cones is involved in the observed fast changes of the HC receptive field size. Therefore, we compared receptive fields of HCs in conditions with and without feedback to the cones. To date, no pharmacological tool has been described that completely, and specifically, blocks the feedback from HCs to cones. Picrotoxin, and other GABA-antagonists block feedback incompletely (Perlman & Normann, 1990; Thoreson & Burkhardt, 1990; Burkhardt, 1993; Verweij et al., 1995 Verweij et al., , 1996 . However, feedback, as detected by the spectral opponency of BHCs or THCs is lost with red background illumination (Kamermans et al., 1991) or in Ringer's solutions containing reduced calcium concentrations (Rowe, 1987) . Therefore, we studied the effects of red background illumination on HC receptive fields, measured with red or green stimuli, in normal and in reduced calcium Ringer's solutions.
METHODS

Preparation
Goldfish (Carassius auratus) of 8-12 cm, kept at about 20°C on a 12 hr light/12 hr dark cycle, were placed in the dark for 13 min just prior to the experiment. This period is sufficient to facilitate the isolation of the retina, and short enough to prevent the fish from dark adapting completely. After a fish was decapitated and pithed, an eye was removed and hemisected. The retina was lifted off the pigment epithelium by making it adhere to a piece of filter paper. The optic nerve was cut, and the piece of filter paper with the attached retina was immersed in oxygenated Ringer's solution. The retina was gently peeled from the paper and placed with the photoreceptor side up in a superfusion chamber. Two preparations were used in this study: (1) isolated retina; and (2) retinal slices.
1. Isolated retina: the retina was mounted, with the receptor side up, in a superfusion chamber, on an inverted microscope (IMT-2, Olympus, Japan) with a 2x objective, IR illumination and a video camera (Philips, the Netherlands). The chamber, with a volume of 0.5 ml, was continuously perfused with Ringer's solutions at a rate of 2 ml/min. 2. Slice preparation: The retina was mounted with the vitreous side down on a millipore filter (Badford, U.S.A.). Suction was applied from the other side of the filter paper until all the vitreous humor was sucked through the paper. A small piece of paper with retina was sliced into 100--200 pm thick slices. During the entire slicing procedure the retina was submerged in Ringer's solution and viewed using dim red light. The slices were mounted with Vaseline such that the sliced surface could be viewed with a microscope (Optiphot-2, Nikon, Japan) with a 40>< water-immersion objective with Hoffmann modulation contrast optics (Modulation Optics Inc., U.S.A.), infrared light (Wratten filter 87C, Kodak, U.S.A.) and a CCD camera (Philips). The slices in the recording chamber (contents 1 ml)
were continuously superfused at a rate of 1.5 ml/min with Ringer's solution.
Solutions
Control Ringer's solution contained 102.0 mM NaC1, 2.6 mM KC1, 1.0 mM MgC12, 1.0 mM CaC12, 28.0 mM NaHCO3 and 5.0 mM glucose, and was oxygenated with a mixture of 02 and CO2 to keep the pH at 7.8 (c. 97.5 and 2.5%, respectively). Low calcium Ringer's solution contained 102.0 mM NaC1, 2.6 mM KCI, 1.0 mM MgCI2, 0.1 mM CaCI2, 28.0 mM NaHCO3 and 7.7 mM glucose, and was oxygenated with the same mixture of 02 and CO2 to obtain a pH of 7.8.
The perforated patch electrodes were filled with a solution containing: 5.0 mM HEPES, 1.0 mM EGTA, 15.0 mM KCI, 120 mM KGluconate. The pH of the solution was titrated to 7.3 with KOH. Amphotericin B or Nystatin were dissolve,] in DMSO shortly before the experiment, and added to the solution to a final concentration of 160-240/~g/ml for amphotericin B, or 150 #g/ml for Nystatin. The final concentration of DMSO was 1.4-2%o. The whole cell solution contained 48 mM CsC1, 4 mM TEACI, 3.2 mM CsSO4, 0.8 mM MgC12, 80/~M CaCI2, 0.8 mM EGTA, 3.3 mM Hepes, 4 mM ATPNa2, 1 mM GTPNa2, 10/tM cGMPNa, 20mM phosphocreatine and 50 U/ml creatine-phosphokinase. The pH was titrated to 7.3 with CsOH. All chemicals used were obtained from Sigma (U.S.A.).
Stimulating and recording system
The optical stimulator of the isolated retina setup consisted of two stimulus beams from a 450 W Xenon source (Osram, Germany). They were used to project light spots and slits of various sizes onto the retina. In one stimulus channel the wavelength was controlled by a monochromator (Ebert, U.S.A.), in the other one by interference filters (Ealing IRI filters, U.K.). The intensity in each of the channels was controlled by a pair of circular neutral density filters (CND 3, Barr and Strout, U.K.) ranging over 6 log units. The light stimuli were projected onto the retina through the epifluorescence channel of the microscope.
A two-beam optical stimulator was also used for the slice preparation. The two beams from a 450 W Xenon light source (Osram, GeTmany) were used to project spots or slits of various sizes onto the retinal slice. The maximal spot diameter was 250 #m. The wavelength and intensity of each of the channels were controlled by interference filters (Ealing IRI filters, U.K.) and neutral density filters (Schott, Germany), over a range of 3.75 log units. The light stimuli were projected onto the retina through the video channel of the Nikon Optiphot-2 microscope (modified such that it had a fixed stage).
Throughout the paper, intensity values will be expressed in relative log units. Zero log intensity is 4 x 1020 quanta/sec/m 2 at 600 nm. The intensities of the 450, 500, 550, 650 and 700 nm stimuli in the intracellular setup were respectively 1.3, 0.4, 0.4, 0.5 and 0.2 log units less intense than the 600 nm stimuli. In the patch clamp setup the intensity differences between the various wavelengths were always <0.1 log units.
Intracellular responses were measured with an S7000A micro-electrode amplifier with an $7071A electrometer module (WPI, U.S.A.). The electrode was mounted on a Narishige micromanipulator (Narishige, Japan). Data were sampled with an AD/DA board (CED 1401, CED, U.K.) and stored in an MS-DOS microcomputer. In addition, the data were recorded on chart paper (Graphtec Linearcorder, Japan). Micro-electrodes were pulled from Clark glass (SM100F-10, Clark, U.K.) on a Sutter P-80/ PC puller (Sutter, U.S.A.), were filled with 3 M KC1, and had resistances of 100-200 MQ when measured in Ringer's solution.
Whole cell clamp or perforated patch clamp recordings were made with a DAGAN 3900A integrating patch clamp (DAGAN, U.S.A.). The electrode was mounted on a Huxley-type micro-manipulator (Sutter). Data were sampled with, and the patch clamp was driven by an AD/ DA board (CED 1401) and an MS-DOS based computer system. Patch-clamp electrodes were pulled from Clark glass (GC150TF-10) or WPI glass (TW150F-4, WPI, U.S.A.) on a Sutter P-87 puller, and had resistances of c. 7 Mr2, when filled with the intracellular solution and measured in Ringer's solution. The series resistance in the whole cell configuration was 10-20 MQ. The series resistance in the perforated patch configuration was 20-200 MQ. Data from voltage clamp experiments were not used if the series resistance exceeded 50 MQ. The data were not corrected for the series resistances. Liquid junction potentials in the whole cell and perforated patch experiments were corrected for (Fenwick et al., 1982) .
No additional corrections were made for the potential difference across the patch in the perforated patch experiments.
Classification of the cells
HCs were classified using the standard criteria: spectral sensitivity and receptive field size (Norton et al., 1968; Kaneko, 1970; Mitarai et al., 1974; Hashimoto et al., 1976) . Cones in the slice preparation were visually selected by their cone-shaped outer segments. The cones were classified as L-, M-or S-cones based on their spectral sensitivity.
Stimuli for measuring HC receptive fields
The receptive fields of HCs were determined with 500/~m wide and 8 mm long slits of light, displayed for 500 msec at seven positions on the retina. The response amplitude was measured as a function of the slit position. The slits were displaced in steps of 600/~m perpendicular to the slit length. Two stimulus wavelengths were used: 565 and 660 nm. The wavelengths and intensities were chosen such that the stimuli excited the L-cone system equally (Van Dijk & Spekreijse, 1984) . To determine the effects of background illumination on the receptive field size, the same position on the retina was stimulated three times in succession with the same slit stimulus with an inter-stimulus interval of 3 sec. Only during the second stimulus a 700 nm -4.8 log background was present (see Fig. 2 ). The retina was exposed to the background illumination for only 2.5 sec, to prevent changes in its adaptation state. After the three stimuli were applied, the slit was moved to the next position and the stimulus sequence was repeated. This procedure for measuring the responses to the test stimulus at one particular position took 10.5 sec. In the experiments with the isolated retina, which did not involve receptive field measurements, full field stimuli were used. For the slice preparation all light stimuli were spots of 250 #m dia.
Protocol for modifying feedback
Feedback was assumed to be blocked when the BHCs had lost their depolarizing responses to red light stimulation. Two strategies were used to block feedback:
Red background illumination: a 700 nm background eliminates the depolarizing responses of BHCs to red light (Kamermans et al., 1991) .
Low calcium concentration: When the retina is superfused with Ringer's solutions containing very low calcium concentrations, the depolarizing responses in BHCs and THCs are lost (Rowe, 1987) . In our experiments we used Ringer's solution containing 0.1 mM Ca 2+.
RESULTS
Effect of 700nm background illumination on HC responses
To test whether the 700nm background indeed abolishes the depolarizing responses of the BHCs to 700 nm stimuli, the responses of a BHC to 500 msec full field light stimuli of various wavelengths were determined with and without 700 nm background illumination. As expected, without background illumination, the BHC depolarized to a 700 nm stimulus, whereas with a 700 nm background the depolarizing response was lost [ Fig. l(a) ]. Under the same conditions MHCs still hyperpolarized to long wavelength stimuli, indicating that the feedforward signal from the L-cones was not saturated by the 700 nm background [ Fig. l(b) ]. 
Influence of 700 nm background illumination on the MHC receptive field
Effects of low calcium on HC responses
The other way of inhibiting feedback is the use of low calcium Ringer's solution. Figure 4 shows the responses of an MHC and a BHC to 500 msec full field light stimuli of various wavelengths at two intensities, in control and in low calcium Ringer's solution. Switching to the low calcium Ringer's solution resulted both in a depolarization of all tested HCs, by on average 15 -t-9 mV (n = 14), and in an abolition of the depolarizing BHC responses, while the hyperpolarizing HC responses remained. The effects of low calcium were completely reversible.
Is the loss of the HC spectral coding caused by loss of feedback?
The loss of the BHC spectral coding in low calcium could also be caused by saturation of the synaptic transmission between the cones and the HCs. To test this possibility we measured the intensity-response relationships of HCs and cones, in both control and low calcium Ringer's solution. Figure 5 shows the responses of the MHC of Fig. 2 , to 500 msec full field stimuli of 500 nm at different intensities, in control and in low calcium Ringer's solution. Figure 6 gives the normalized intensity-response curves for this cell. In low calcium, the light intensity needed for a half-maximal response was 0.251og units higher than in control Ringer's solution. On average, this intensity was 0.1 _ 0.12 log units higher than in control Ringer's solution (n = 5, MHCs). The maximal hyperpolarizing HC-response amplitudes hardly changed in low calcium. Figure 7 shows the responses of an M-cone to 250/~m spots of 458 nm light, flashed on for 150 msec, in control and in low calcium Ringer's solution, using perforated patch techniques on a retinal slice. The dark membrane potentials of the cone in control, low calcium and recovery were -50, -30 and -55 mV, respectively. The cone membrane potential obtained with saturating light stimuli remained about -70 mV. On average, the lowering of the calcium concentration depolarized the cone's dark membrane potential from -46.6 -t-5.1 mV (n = 15) to -28 ___ 14 mV (n = 5), whereas the membrane potential in saturating light did not change significantly (0.4_ 5 mV, n = 5). Figure 8 shows the normalized intensity-response curves of the cone of Fig.  7 in control and in low calcium Ringer's solution. The intensities needed to obtain half-maximal responses were about the same in both conditions. Similar results were found in all five cones tested (one L-cone and four Mcones).
MHC
To find the source of the low calcium induced changes, the effect of low calcium on the cone IV-relationship was studied, using the whole cell protocol. Figure 9(a) shows the IV-relation of an lVl-cone in control and in low calcium. The low calcium induced current, i.e. the difference between the IV in low calcium and in control, is shown in Fig. 9(b) . On average, the low calcium induced current had a reversal potential of -5 -t-3 mV (n = 6). Figure 9(c) shows the IV-relation of a spectrally unidentified cone in both the dark, and in bright light. The light inhibited current, i.e. the difference between the IV in the dark and in the light, is shown in Fig. 9(d) . On Intensity in log FIGURE 6. The sustained responses from Fig. 5 were normalized to the sustained response to the most intense stimulus, and were plotted against the intensity. The re:sponse to the highest intensity, in the recovery, was probably not saturating. The half maximal intensity for the recovery can therefore not be reliably determined.
average, the light inhibited current had a reversal potential of -5 ___ 9 mV (n = 6). Low calcium, thus, increases a conductance with the same reversal potential as the light inhibited (cGMP-gated) current in cones. Fig. 11 . The low calcium Ringer's solution narrowed both the RF565 and the RF660 in comparison to the control profiles given in Fig. 3 . Although in low calcium the 700 nm background illumination hyperpolarized the HC about as much as in the control condition, it hardly affected the size of either RF565 or RF660. Low calcium Ringer's solution strongly reduced or completely eliminated the effect of the 700 nm background illumination on the receptive field size, in seven of the nine cells tested.
Influence of low calcium on the MHC receptive field
DISCUSSION
In this study, it was found that 700 nm background illumination increased the receptive field measured with 565 nm stimuli, and decreased the receptive field measured with 660 nm stimuli. These results cannot be explained by a background-induced change in the HC membrane resistance nor by non-linear membrane conductances, as these mechanisms would produce similar results for both stimulus wavelengths. Furthermore, the changes seem too fast to be accounted for by dopaminergic modulation of the HC membrane or gapjunction conductance. The results of this study seem to confirm the suggestion that feedback strongly influences the HC spatial properties (Kamermans et al., 1989a (Kamermans et al., , b, 1996 Ohshima et al., 1995) .
Effects of the 700 nm background illumination
With the 700 nm background, the BHCs do not depolarize to 700 nm stimuli, whereas the MHCs still respond. This indicates that, under these conditions, the feedback signal from the MHCs to the M-cones, or the feedforward signal from the M-cones to the BHCs was saturated. If the feedforward signal from the M-cones to the BHCs was saturated, the sensitivity of the BHC to weak middle wavelength stimuli would have been reduced. This was hardly the case (Fig. 1) . Therefore, the loss of the depolarizing BHC responses with the 700 nm background is probably caused by saturation of the feedback from MHCs to M-cones. Consistent with the feedback hypothesis, 700nm background illumination increased the RF565 (Fig. 4) , and decreased the RF660. However, with the 700 nm background, the RF565 was extremely large, and much larger than the RF660. We had expected that, with feedback completely blocked, the receptive field size would be fully determined by the linear properties of the HC-network, and independent of the slit wavelength. To account for this result, we have to consider the role of the THCs. Whereas the 700 nm background abolished the depolarizing responses of the BHCs, the depolarizing responses of the THCs were probably enhanced (Kamermans et al., 1991) . Thus, even with a 700 nm background, feedback is still present, and its strength probably still varies with wavelength. The very large RF565 may have been due to feedback from the depolarizing THCs to the L-or M-cones, increasing the MHC receptive field.
Effect of low calcium on MHCs
In low calcium, the depolarizing responses of the THCs were also lost (Rowe, 1987) . Thus, in this condition we expected RF565 and RF660 to be equal and almost independent of the 700 nm background illumination. This was indeed the case (Fig. 11) . The overall reduction of the HC receptive fields in low calcium may be explained by the large HC (synaptic) membrane conductance. The low calcium results are consistent with the hypothesis that feedback from HCs to cones changes the HC receptive field size.
In order to account for the effects of low calcium on HCs, we have to consider the effect on cones. In cones in the dark, low calcium increased a current with a reversal potential of about -5 mV. Light reduced a current with a reversal potential of about -5 mV. These findings indicate that a major effect of low calcium is the opening of the cGMP-gated conductance in cones. This is consistent with several other studies (Bantian & Fain, 1979; Yau et al., 1981; Baylor & Nunn, 1986; Yau, 1994) . In bright light, the cGMP-gated conductance is still closed completely. Thus, the cone light responses in low calcium Ringer's were increased in size. Note that the effect of low calcium was on the amplitude of the cone light response, and not on the cone's sensitivity (Figs 7 and 8) [see also Nakatani & Yau (1988) ]. Low calcium had two main effects on HCs. The HCs depolarized and the depolarizing BHC [and THC (Rowe, 1987) ] responses were lost. The depolarization of the HCs, in low calcium, is consistent with a depolarization, and an increased transmitter release of the cones. In contrast to the cone responses, the HC responses were not increased in low calcium. This indicates that the synaptic gain from cones to HCs is reduced in low calcium, which is consistent with a previous report (Yang & Wu, 1994) .
Secondly, the depolarizing BHC and THC responses were lost in low calcium (Fig. 4) . This might either be due to saturation of the synaptic transmission from cones to HCs, or to a loss of feedback from HCs to cones. The finding that the MHC responses to weak stimuli hardly changed in low calcium (Fig. 5) , indicates that the synaptic transmission from the cones to the HCs was not saturated.
More likely, the loss of the depolarizing HC responses, in low calcium, may have been caused by a loss of feedback from HCs to unstimulated cones. This could occur in at least two ways. Firstly, the feedback-induced currents in cones are maximal around the cone's normal dark resting membrane potential, and less pronounced for more depolarized potentials (Verweij et al., 1996) . Secondly, the large cGMP-gated conductance in cones in low calcium may have shunted the feedback current, reducing the effectiveness of feedback. Both explanations predict that low calcium will not inhibit feedback to stimulated cones, as the stimulus light both hyperpolarizes the cones and reduces the cGMP-gated conductance. If feedback to stimulated cones remains present in low calcium, this may explain why the HC responses in low calcium are still somewhat transient.
Summarizing
The results in this study are consistent with the concepts that the feedback pathways from HCs to cones are rather unspecific, and that the feedback pathways both determine the spectral sensitivity of the HCs, and have a pronounced effect on the HC receptive fields. Therefore, the HCs generate a bipolar cell surround based on both the spatial and spectral properties of the stimulus.
